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COURSE NOTES 
_ "SHEAR STRENGTH BEHAVIOR OF COHESIVE SOILS” 
Met.T. - 1961 SUMMER PROGRAM 
BY L. H. MOORE 
INTRODUCTION 
During the past ten years there has been a large amount 
of research work done to gain an understanding of the shear 
strength behavior of cohesive soils. We have read with inter- 
est some of the published papers, been confused by others, 
and have not had time to read most of them. 

These papers contributed to the development of the under- 
standing of one of the most important concepts in soi | 
mechanics - THE EFFECTIVE STRESS PRINCIPLE. This principle 
is not new as it was first conceived by Terzhagi some 35 years 
ago. It is the hypothesis that shear strength is best des- 
cribed by the effective stress on the failure plane and a 
knowledge of the pore water pressure in the soil mass. How- 
ever, it received a tremendous impetus about ten years ago 
when the English (Skempton, Bishop, and Henkel) and the 
Norwegians (Bjerrum) applied this principle as a key to explain 
the strength and settlement characteristics of cohesive soils. 
At the present state of development, this principle has been 


expressed in theoretical form and has been demonstrated by 


laboratory tests. Now the research people and engineers are 


turning their attention to the field to try out these con- 
cepts in practice which will be the ultimate test. 
The effective stress principle cannot be dismissed as 


the “newest fad” or being impractical. It allows the engineer 
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to improve his knowledge of the behavior of soils under all 
conditions in which they exist in nature. This fact alone 
should put engineering judgment on a sounder basis. It is 
strongly urged that all soils engineers study these notes 
which attempt to present the basic ideas for understanding 
the effective stress principle. 

Let nobody get the misconception at this time that the 
effective stress principle is going to revolutionize our 
testing and fesian methods, However, | believe that if you 
study and absorb the information in these notes you will 
have a better understanding of the soil you work with every- 
day. ; 

PRESENTATION OF COURSE CONTENT 
The following outline is a condensed presentation of the 


material covered in the course. Printed notes which give the 


material in much more detail were handed out and they are 


available for your use. Much of the course content is also 
presented in the ASCE publication “Research Conference on 
Shear Strength of Cohesive Soils” - Boulder, Colorado, 1960. 
THE EFFECTIVE STRESS PRINCIPLE | 
A. General Definition 
‘In: settlement and stabi lity problems it is essential 
to apportion the total stress carried by the soil mass 
into the portions carried by the various phases i.e. soil, 
water and air, This apportionment of total stress leads 
to the most important principle in all of soil mechanics, 


/ namely, the EFFECTIVE STRESS PRINCIPLE. This principle 
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consists of two parts: 1) an equation (or equations) 

‘ apportioning the stress carried by the different phases, 
and 2) expressions relating soil behavior with the 
various phase stresses, 

B. Measuring the Stresses Involved. 
I, Finding stresses at a point in the ground. 
a, Static Case - This is no problem as it is simply 
determining the stresses from the weight of soil 


and water above the point at depth. 


6 (total pressure or stress) = Z % 
U (pore pressure) me tad A 
6 (effective stress) = O-U 
b. Non- Static Case - The pore pressures will change 


due to |) steady seepage forces or 2) applied 
stresses to the soil mass. 
Z. Determination of stresses 
| a, The total pressure (6) can be determined from 
the measured or calculated pressures acting on 
a point either in the ground or in the laboratory 
specimen. 

b. The pore pressure (U) can be determined by 
calculation in some cases or by pore pressure 
measuring equipment in all cases in the field 
or laboratory. 

c. The effective stress (6) is determined indirectly 
From O-U. (1) 

(1) For further information see Course Notes - Part J 


entitled “The Elements of Fluid Flow in Soils”. 
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THE PORE PRESSURE PARAMETER CONCEPT 
A. *sanine Analogy 
The stress conditions in a soil are best understood 
by visualizing it as a compressible skeleton of solid 
particles enclosing voids which, in saturated soil are 
filled with water, or, in partly saturated soil filled 
with both air and water. Shear stresses can, of course, 
be carried only by the skeleton of solid particles. On 
the other hand, the normal stress on any plane is, in 
general, the sum of the stress carried by the solid 
particles and the pressure in the Fluid in the void 
space, | 
Let us observe What hapaens when stresses are applied 
to a soil system. The following sketch is an analogy to 
5s soil-water system. The container is filled with water 
and Peawencings in ae directions to simulate the soil 


structure. A gage measures the water pressure. 
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|. A pressure 463 is app lied to all sides. The pressure 
_ gage records a change in water SE frie of Abs , 
Therefore AU=A63, Note that the springs do mt com- 
press because pressures are equal on all sides. 
2, Next a pressure is added to the top piston wRTCE we | 
| will callA6,-A63- Now since the external pressures 
are not equal on all sides of the container this 
applied pressure is carried partly by the spring 
system representing the soil skeleton and partly by 
the weteee Therefore, the pressure gage will read 
only a PRREEI‘On of the additional applied pressure. 
This fraction is defined as pore pressure parameter A. 


The total pressure recorded by the gage is expressed 


as follows: BUVEwAO sacl (A6, -A65) 
. AU - L463 | 
AO, - Ads 





This is the simplest demonstration possible of 


the pore pressure parameter concept. This is the 





parameter for three dimensional uniform loading fol low- 
ed by one dimensional loading such as occurs in the 


FOR THE CONSOLIDATEO - UNDRAINED TEST, THE INITIAL 


oe AU AU 
triaxial test. 4 63 =O. THEN A* SG aes OR DEVIATOR STRESS SyRESS. THIS WILL 


BE THE MOST COMMON APPLICATION FOR PRACTICAL PROGLEMS. 
B. Determining Pore Pressure Parameter For One-Dimensional 


Consolidation. 

At this point one can visualize in the spring analogy 
that the amount of deflection of the spring under load and 
consequent eee ce in pore Rae ine will. depend on the. 
spring constant. Sibetiauting the soil skeleton for the 


spring we can see that the amount of compression would 
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depend on the compressibility ot the soil skeleton. 
If we place a sample of dry soil in a consol idometer 
and run a consolidation test with free drainage we can 


determine the compressibility of the soil skeleton as 


Follows: 
Yo The slope of the Compression 
AV 
Curve is: - —= 
AV A6, 
met Expressed in Unit Strain, it is: 
per avk Se Sans 
——s— i, Vo AO, 
6, 


ONE DIMENSIONAL 
COMPRESSION OF 
Soit SKELETON 


We can also theoretically find the compression 
characteristics of water. The consolidometer is filled 
with water and the loading conducted with no drainage 


allowed to give the following results: 


The slope of the Compression 


Curve 1s: - => 


Expressed in Unit Strain, it ts: 





AV \ 
ows Vo AU 
ONE DIMENSIONAL 
COMPRESSION OF 
WATER 
Now let us take the same soil sample, fill the voids 


with water, place it in the consolidometer and run a 


loading test with no drainage allowed. Therefore, any 


| FS a SPS 





change in the volume of the soil skeleton must be equal 


‘to the change in volume of the pore fluid. AVse, = AVp 


For change in volume of the soil skeleton we have 
AV 1 
eo ae Wee AG; 
AV = AVsx = — Vo Ca, AO, (Equation !) 


For change in volume of pore fluid we have 
AMCs 


oS NO tO 
AV= —- Wo Cy AU 


Since the volume of water in the soil is now equal 
to the volume of voids we have y 
it ae 
. porosity Vy 
AVp ta nue Cy Av 


. (Equation z) 
Telis Za. eft Tots] ¢ Ss pere * 
Now we can equate the change in Voluace! ice Bocatiane 


! and Ife 
-Vop Ce, A6, = Vo Cy AU 
— Cw AUN 
Ab =< we 
Co, Vo 
(Equation -3) 
By definition 


= 6-U 
= A6,-AU 


Then substituting equation 3 for a6 - 


‘foes giant uote B6,- AU 
ae 


Pew AAU Co = AG, Ce 
a AU (Co, tN Cy ) x A 6, Ce 


4 ae = pitta Coy = fa 
°» AG, Co, t n Cw ive n Cy 
Ce, 
AU 





5. Pore Pressure Parameter = 
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The parameter for one dimensional consolidation is 


‘called C. Therefore 


Comments on Pore Pressure Parameter 


; (Pg. 10) 
On Figure I, the pore pressure parameters are 


presented for various conditions of loading. A differ- 
ent parameter exists for each condition as the strains 
in the sample will vary. 

If the soil behaves as an elastic isotropic material 
and the fluid in the pore space shows a linear relation 
between volume change and stress, then the pore pressure 
may be expressed in terms of Poisson’s Ratio (E) and 
Young’s Modulus (“) for the soil. 


Note that Lambe has defined the parameters in the 


following manner. 


Triaxial Loading---------------------- Parameter A 
Three Dimensional Uniform Loading----- Pananeten B 
One Dimensional Compression----------- Parameter C 
One Dimensional fondincee sess w------ Parameter D 


Some confusion exists on nomenclature as Bishop and 
Henkel use B to denote the case of triaxial loading with 
both water and air in the pores. It is suggested that we 
use Lambe’s nomenclature. 

Do not picture the pore pressure parameter as being 
a constant value for each soil: and each loading condition. 


It will vary during a shear test depending on the rate of 
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strain and magnitude of strain. The parameter values 
‘will also be influenced by sample disturbance, pre- 


consolidation history, rotation of planes of principal 


stress, and the soil structure. 


Remember that a pore pressure parameter is a 
nme yersensnereePh NTS  IN 2 
dimensionless. number which indicates. the fraction of 
ee eS 





nena 


total stress increment which shows..up.as.excess pore. 


pressure for the condition of no drainage---te. 


constant mass... It is thus a number which permits one 


to separate the total stress increment into the com- 


\ 


ponents carried by the different phases of the soi! 


system. We will return to the pore pressure parameter 


later, 
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BASIC PRINCIPLES OF STRENGTH BEHAVIOR OF SATURATED SOILS 
A, Basic Three-Way Relationship 
It has been recognized for sometime that there is 
a definite relationship between soil strength; water 
~-content or void ratio, and effective stress. Since 
determination of effective stresses depends on deter- 
mining the pore pressure, this portion of the relation- 
ship has not been fully utilized until recently. It was 
only fifteen years ago that good reliable techniques were 
developed for determining pore pressures. 
The triangular chart below depicts the inter-relation 


of these properties of soil. 


Effective Stress 


Strength Water Content 
(p12) 

Figure No. Z is a copy of chart in “Fundamental of 
Soil Mechanics” by Taylor. This shows the basic 3-way 
relation and also the relation between e-log P consoli- 
dation tests and e-log S, plots of shear strengths of 
similar soils. One limitation to this relationship is 


that it is limited to normally loaded clays. 
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Various stresses — logarithmic scale 


| Fige 2 Plot of void ratio versus pressures and strengths 
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B. Presentation of Test Data 
ie q vs. p Plot 
All of the testing obtains data to relate the 
effective stress on the failure plane to the shear- 
ing strength. It would be very difficult to present 
this data on the usual Mohr circle plot. All the 


test data is presented in the following manner. The 





shear strength from a single test would be plotted as 
a point. , 
60 - means Totel Stress 
6,- 03 | , 6 - means Effective Stress 
2 . 
or 
q 














6, + 63 


0, +63 or 


= 


(p) (Pp 
Z. Comparison of Strength Results from Mohr Plot Compared 


to q-p Plot. 
Cpg: 14) 
A study of Figure No. 3 shows the relation between 





the strengths determined from the Mohr Circle plot 
and q-p plot. The sample problem worked out shows 
that if a shear strength is obtained at an over- 
burden pressure of [000 PSF then the shear strength 
using the simplified plot will be 10% less than that 
obtained from the Mohr Circle plot. For a soil with 
no frictionieete the q-p plot would have a shearing 
strength about 10% Pther than the Mohr Circle Plot. 
This raises the question of which one is correct. The 


following reasoning was. presented: 
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“<The failure plane in a triaxial sample would not 
duplicate the failure plane and stresses on the 
plane of failure in the ground. This is not 
unreasonable when you consider how the principal 
stresses have to rotate across the arc of a slip 
circle. Observed failure plane slopes in field 
do not agree with sample failure plane in labor- 
atory. 

b. “ The internal mechanism of shearing resistance in 

f soil bears little resemblance to the $% and C 

strength concept. This will be elaborated on 

favent 

ce. The many ignorance factors that have to be 

evaluated in stabi lity Breen staes Mmntions out- 
weigh the importance of refinements on the friction 
angle and c intercept. 

Vector Curves or Effective Stress Paths 

One of the most important parts.of the test inter- 
pretation ts to plot the effective stress on the plane 
of maximum shearing stress vs. obs at all stages 
of a test from beginning to failure. These points 
connected Form a vector that traces the development of 
effective stresses on the failure plane. For further 
explanation this plot will be shown by Mohr Circle 
construction later one 

Strength Test Nomenclature 

The soil mechanics world has finally agreed on a 


standard abbreviation system for strength test identi - 
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fication as follows: 


Cu - Consolidated - Undrained 
CD - Consolidated~ - Drained 
UU - Unconsolidated -  Undrained 
U - Unconfined Compression 


5. Review 
Know the plots and nomenclature in this section 
before going on or you may get lost. 
VI. A REVIEW OF THE STRENGTH BEHAVIOR OF SATURATED SOILS 
A. Sinery | 3 
The purpose of this section is to demonstrate by a 


review of shear test results that the shear strength of 





a “cohesionless” soil such as sand and the shear strength 
of a “cohesive” material such as clay will be determined 
by the drainage conditions within the soil mass, ‘In 
eB other words the strength of a soil is determined’ by the 
74% effective stress which varies with the pore water pressure 
within the soil mags. | 


oe | 


This explains why a clay slope after many years will 











assume an angle of repose simifar to that expected From 
& pete ontess: cone It also explains why sand and silt 
deposits will suddenly fail in a flow slide in a manner 
that would be expected from a Be Tet Oe clay. 

How does this tie in with our present concept of 
Reni nikine in terms of friction angle and cohesion? For 
most soils problems involving granular soil the friction 


angle concept is valid because we have a consolidated 
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drained material and the available strength increases 


‘with load. For cohesive soils we have consolidated - 


undrained conditions and the available strength does 


not increase appreciably with load. Note the key words 


are drained and undrained. The permeability of a soi! 


is an important factor in its strength behavior, There- 


fore, in order to explain the streneth behavior of al] 


soils under all conditions of drainage in nature we have 


to attack the problem fron the effective stresses which 
vary with the pore pressure in the soil mass. This 
approach Bate an important tool to oain an understand- 
ing of some of our more difficult sey fe problems involving 


stability and settlement. 


Behavior of Saturated Sands (See Figure 4) (Pg. 25) 


Two samples of saturated sand are consolidated at 


different pressures, Both samples are sheared without 


. drainage and they both have the same strength. A third 


sample is prepared with air instead of water, 
The results show that the shear strength is determined 
by the effective stresses, not the total stresses, The 


presence of air instead of water in the voids does not 


alter the relationship between shear strenath and 


effective stress, 
ey of Normally Consolidated Clay 
1. Consolidated - Drained Tests 
Three samples are prepared and consolidated by a 


pressure of 03 as shown on Figure No. 5. Triaxial 
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compression tests eiie conducted allowing the samples 

to drain as load is applied. The stress-strain curves 
are shown as CD on Figure No. 6. For the three tests 
the maximum shearing strength 2°08 is plotted vs. the 
effective stress on failure plane (Pe) as shown on 
Drawing No. 7. The three points are connected to form 
the Ge Vs, pe line. This envelope is similar but not 
exactly in the same location as the Mohr circle envelope. 
This relation was previously shown. 

Next the effective stress path is plotted. The 
effective stress is determined for intermediate fiohr 
circles before failure. The effective stress path is 
made by Sonnet Ay these points. 

Consolidated - Undrained Tests 

These Seales are prepared and consolidated under 
a pressure of 63, The load is applied with no 
drainage and the stress-strain curves are shown on 
Figure No. 6. Plots of q¢v5.p¢ similar to those for the 
CD test are shown on Figure No. 8. 

Note that the effective stress vector has an 
entirely different shape than for the CD plot. This 


is because 63 at any stage during the test is equal 


to 63, at consolidation minus AU developed. Since 


pore pressure or AU increases with load then 63 
decreases with load, 
Note that a relation exists between moisture 


content and 4, Pos This ties in the strength, effective 


co - 


mwar4o a0 
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a) Or, 


stress, and moisture content triangular relationship. 
Theory Connecting Drained and Undrained Tests 

The key to behavior of saturated soils lies in 
the difference between CD and CU tests and in the 
link provided by effective stress. Following is 
developed a useful relationship. 

If two specimens of a given clay are sagan dates 
to the same stress p,. and one is sheared with drain- 
age and the other without further drainage different 
values of 96 will result. Since the ratio a 
must be the same in the two specimens, there nuee be 


a relation between the pore pressure developed in the 


CU test and the strength measured in that test. 
AU 
6,-53 


is possible to derive an equation relating g and 





Using the pore pressure parameter A= it 


the *f patio. This is done in Figure 9. For future 


-_ 


Po or PF 
reference, the derivation makes provision for a 





cohesion intercept. Values of As; for normally con- 
solidated clays usually fall in the range from 0.5 to 
Paves lie Ag value for the clays used in this test- 
ing was determined as 0.83. Figure 10 shows how the 
pore pressures during the test may be obtained by 
graphical constructions on the q vs. p plot. This 
plot also shows how the pore pressures develop during 
a test. 

The $¢ = 0 Concept (UU Test) 


Three samples are consolidated at 16 PSI (63) 
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and sheared Ondavained at pressures of 10, 30 and 100 
PSI (63) . The result plotted on Figure No. Il is a 
Be eye a fue of 4.8 PSI for each sample. Note that 
pore pressures are negative. The strength and effective 
stress are the same for each sample. This shows un- 
drained strength is independent of changes in the total 
stress P, | 
5. U-Test 
This test is similar to the UU test with a negative 


pore pressure. Plot the effective stress path and AU 





for this case. 
6. Typical Values of @ for Normally Consolidated Clays 
Figure IZ shows the summary of available data. (g'= Z) 


There is a trend toward decreasing (3) with increasing 





plasticity. The (Z) for very plastic soils is uncertain 
and the effective stress concept today is not applicable 
to extremely plastic clays. 
7. Typical qg vs Po Ratios for Normally Consolidated Clays 
The phacennied shear strength should increase in 
depth as a result of the increase in effective stress 
with depth. Figure 15 shows Sree neredse in a summary 
of = xf ratios (referred to as c/p) as a function of plasti- 
| city index. Recent testing on sensitive marine clays 
4 show a decrease at lower plasticity values. This lower 
branch may be partially explained by the following 


section. 
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Sensitive Clays and Sands 

Sensitive (or quick) clays and extremely loose 
saturated sands exhibit a very important form of 
deviation from the concept of a unique we - q¢ - Pe 
relation. This deviation is so important that it 
must at least be introduced in this elementary 
presentation. 

Figure 13 shows a typical stress-strain curve 
for an undrained test. As contrasted to the stress- 
strain curves we have examined previously, this one 
shows a pronounced peak. Following this peak, the 
undrained strength of the clay drops rapidly. In 
Bip th. 5 Lane Seer ate clay, when only slightly 
disturbed, assumes the consistency of a thick liquid. 
Such is the origin of the spectacular flow slides of 
Scandinavia and the Canada - U.S. border area. The 
same type of stress-strain curve is obtained from 
CU tests on extremely loose, fine sands (BJERRUM, 
KRINGSTAD and KUMMENEJE, 1961), and flow slides have 
also eed in such sands. , 

Figure 13. and 14 shows thearasutts of such a test 
ona q vs. p plot. The effective stress path reaches 
a peak before Phe maximum obliquity condition is 
reached, | The Esreme an point. of the CU effective 
stress path gives Phectsane WE - de - Pe ne lantan as 
a CD test, but the BG RLSLOr net ephene aN difference 
in the two tests fall into different we = qf - Be 


relations. 
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These phenomena develop in clays and sands that 
have a meta-stable structure; i.e. the void ratio is 
larger than it would normally be for the given po. 
Such meta-stable structure develops From very gradual 
deposition in quiet water. Such conditions make 
possible the growth of a “cement” between particles 
sufficient to hold bbe mineral skeleton in the loose 
state. Sensitive clays quite typically have a water 
eeetent above the liquid limit. When the soil is 


“cementing” forces 


sheared or otherwise disturbed, the 
are overcome, the mineral skeleton starts to collapse, 
most of the initial effective stress is transferred 
to pore water Snowskree and the shear resistance drops. 
Ag values as large as Qeand even 3 have been recorded. 
This behavior accounts for the low qe/P, panies shown 
in Figures 14 and 15. | 

There is a growing body of evidence that this 


collapse can be seen in CD tests as well. As indicated 


in Figure 13, a yield point (sometimes followed by 


| quite a plateau) appears in the CD tests for very 


loose sands. At this stage, since the sand is still 
quite loose, there is little or no geometrical inter- 
ference and the friction angle is very low. With 
additional straining and a marked volume decrease, 
the particles nestle among one another and the angle 
of shearing resistance increases. The we - df - Dg 


relation from the yield point of a CD test does more 
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or less agree with the relation for the peak points 
of CU tests. Thus, by introducing the concept of a 
meta-staole structure with a yield point, a certain 
amount of unity can be restored to the shear strength 
picture, 

The Norwegians have analyzed slides in sensitive 
clays and determined the effective @ at failure was 
8°, The minimum laboratory test friction angle was 
15°. 

The field vane shear test is. probably the only 
reliable method of measuring this increase in strength 


Behavior of Over-Consolidated Clay 


Over-consolidated. clays tend to expand when sheared 


thus setting up negative pore pressures and an increase 


in strength. Laboratory experiments show that this increase 


-in strength does not take effect as long as Pr is greater 


than 0.5 Pm (max. past pressure). Figures 16, 17, 18 and 
19 show the effects of over-consol idation on strength. 
When pe is less than 0.5 Pm then new We VS Ge relations 
apply. Eyeure 20 shows the variation of Ag with Pm 


7 Po 
Using this curve it is possible to solve problems and 


- determine the-V- at failure. 


This increase in strength results in a € intercept 
for the 9," Ppenve lope. It is possible that the effects of 
preconsolidation may disappear entirely during an 


extremely slow loading process. There is some field 
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evidence that this happens in stiff fissured clays. On 


the other hand & may be permanent from cementation 


_ between particles rather than simply from the remembrance 


(1) 


(1) 


of consolidation. 


The preceding material is abstracted from the Detailed — 
Course Notes - Part A - entitled “Strength Behavior of 


Saturated Soils” by Robert V. Whitman. 
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PRocrRamw oF CONSOLIDATED- DRAINED (CD) TRIAKIAL TESTS 
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VEl. MEASUREMENT OF SHEAR STRENGTH OF SATURATED COHESIVE SOILS 
The methods of measuring strength and pore pressure in 


triaxial tests are presented in detail in “Triaxial Testing” 


en eee See 


by Bishop and Henckel and articles in the Boulder Colorado 


Shear Strength Conference proceedings. 


Te ee 


| Rough notes and outline of this subject are in detail 


course notes - Part C. Following are abstracted some of the 





| more pertinent statements. 
A. Field Vane Tests 


1. Use rotation rate of 0.1° per sec. 


he 
® 


| Shear strength from vane shear test plotted on Mohr 

| _. Circle is on standard envelope. To obtain I divide 2 

| Svs. 
cos. J 


3. Use vane shear test in soils with shear strength 





vane shear strength by cos ¢ (estimated) foe 


. | less than 1000 to 2000 PSF. 
| 4. aane pees nakos stress-strain plot inaccurate. 
ceo Test Results _ 
| Bas Good sampling should give laboratory M.C. equal to 
Field M.C.. 


2. Compare all test results on a vs P.l. chart for 





consistency of results. ‘We should put this into 
practice. | | 

3. On triaxial tests plot vol. change vs time during 
Peveoltdat ion’ If there are leaks in membrane they 


will be obvious in AU plot. Leaks decrease strength. 
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TYPES OF STABILITY PROBLEMS 

The detailed course notes contain a paper entitled slope 
stability analysis labeled part B. This should be read by 
anyone doing stability analysis. The main points of this 
section are as follows: 
A. Beaneenucti on with No Change in M.C. 

When clays are loaded or unloaded in a manner where 
no change in moisture content occurs in construction 
then CU test results may be used in the same type of 
analysis we use. This applies to 75% to 90% of the 
problems encountered, 

B. Stability of Clay Cuts 
1. Pore Pressures 
The strength of clay depends on the effective 
stresses, These stresses can change by ground ~ 
water flow and seasonal water table variations. 
2. Non-uniformity of Deposit 
In a slide at Jackfield, England the failure 

occurred on a clay layer two inches thick with M.C. 

10% higher than adjacent clay. 
ay Rate of Strain Sas | 

Laboratory testing eicares the C intercept 
of a clay decreases as the rate of shear decreases, 
A. English RR Analysis 
Many slides were analyzed on RR constructed 80 
years ago with a well-documented history of the 


slides. The following curve summarizing their 
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7. 


stability analysis explains time effects on clay strength. 


¢ for Safety Factor = 1.0 


al 





re) 20 40 GO 80 
Time After Construction ( Years) 
Use of CU, UU, and U Tests for Cut Stability 
The undrained shear strength was used to analyze 
cut slides with following results. 
SF = 1.9 and higher for overconsolidated clays 


SF 


0.6 to |.2 for normally consolidated clays 
Effect of Permeable Layers in Clay 

See article in Geotechnique vol. 5 by Ward, 
Penman & Gibson. 
Taylor’s charts are being revised to account for 


pore pressure - See Geotechnique - December, 1960. 


Effective Stress Analysis 


tS 
e 


Where Used - 


a, Embankment problems where construction depends 


On increase of shear strength with consolidation. 
b. Cut problems where strength changes due to GW 
variation and relief of load may be measured 


to forecast approach of instability. 


Required Information for Analysis » 


oe Total stresses 
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b. From laboratory determine strength as a function 

of effective stress and pore pressure parameters 
c. Field pore pressures 
Difficulties 

Pore pressures in the field and in the laboratory 
sample are a function of shearing strain and volume 
change due to consolidation (Terzhagi Theory). The 
pore pressure is a sum of the two, Each can be 
analyzed individually by theoretical means but nobody 
knows how it works in the field. See Figure 22 (Pa. 46) 
which summarizes all information on settlement deter- 
mined by effective stress. 
The Unanswered Questian 

Do laboratory pore pressures Peelicate field pore 
pressures? Since pore pressure is a function of 


strain rates, lateral pressure in the ground, water 


temperature and rotation of principal stresses along 


failure arc, it is easy to see the question is 
unanswered, MIT is conducting two oi! tank stability 
pieientetecon which theyabememcnraet Field data to 
compare with laboratory data, 
Future Application 

The effective stress analysis method is just being 
tried on field stability problems. There is a great 
need for well instrumented field projects where 
sufficient. data can be obtained to tie theory with 


field performance. 
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6. . Pore Pressure at Failure 
The intense shearing action at failure wil! cause 

a decrease in pore pressure. Our Beer once at 
Weedsport confirms this as the Spi aeeues in the 
failure zone dropped from 10 PSI to 3 PSI at a 
constant rate over a seven day period prior to the 
fai ture. 

Grand Summary of Stability Anal vere 
If the problem involves the shear of a saturated clay 

mass with no time for migration of pore fluid during the 


construction period, the problem is fairly straight- 


forward. .The method of analysis is simple, and it is not 


too difficult a matter to estimate the available shear 
strength. | 

lf the problem is a true long-term stabi lity problem 
in which failure results from a gradual decrease in the 
shear strength, the problem is also relatively straight- 
forward, the method of analysis is somewhat more complex, 
and it is somewhat more of a job to obtain data upon 
which to base petimates of the available shear strength. 

if naiohee of these situations exist, you really have 
a problem. The pore Beoscune at failure will depend 
partially upon ete’ ground water conditions, loading 
conditions. and partially upon pore pressures set up 
during Ape shear distortions; and you don’t know how to 
pick the proper pore pressure unless you know at exactly 


what point in its history the slope will fail. The 
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stability of compacted embankments falls in this category. 

Depending upon the magnitude of the project, one of several 

courses of action may be selected. | 

I. If the project is an important one, use the method 
of analysis together with URARGER EEE ve stress | 
envelope. It will be necessary to use considerable 
judgment in the selection of the pore pressures to be 
used in the analysis. The actual pore pressures 
should be measured in the field and considerable 
Judgment used in the application of these pore 
pressures to stability calculations. 

_ 2. For problems of less importance (and this means most 
highway embankments), use the unconsolidated, undrained 
Scan sth’ of the compacted soil under confining 
pressures typical of those expected in the embankment. 
Include in the analysis a safety factor to allow for 
the eee lity that the strength may Re less pty the 

value thus estimated. The simple methods of analysis 
‘used for. undrained shear problems may be employed. 
ae DEVIATIONS FROM IDEALIZED STRENGTH BEHAVIOR | 
A. Effect of Test Consolidation Time 
| The results on a como le clay for 2 day consolidation 


and one to three month consolidation indicated the following: 
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B. Anisotropic Consolidation 
In the ground the stresses on a soil on all sides 
usually are not equal. The lateral etfective stress may 
be 0.4 to 1.0 of the vertical effective stress. The ratio 
or O3¢ called K, may be 0.4 for a granular soil to |.0 
Hs it soft plastic soil. The stress vector for a con- 


solidated undrained test with anisotropic consolidation 


‘is as follows: The test is labeled CAU. 









Stress 
Failure Plane 
at Start 
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3 Pe Ie 


for anisotropic consolidated 


The decrease in 12s 





samples compared to isotropic consolidation is 5 to 10%. 
C. Stresses from Field Samp ling 


The stress history is shown as follows: 





Clay ploy es 
High Plasticity Low Plasticity 
(CH) 
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D. Reorientation of Principal Stresses 
This is one of the most difficult factors to ration- 
alize in applying the concept Pence strength along a 
circular arc failure. The change of stress direction is 


‘' shown in Sketch A. 





SKETCH A - 





Stability analysis using undrained strength works but 
the experts don’t know why. 
Es SURRany, of Beetos Affecting Strength Behavior 
| Poem risiconsolidated Clays) See Figure 21A 
X,. ‘CASE HISTORIES | 
A. Refinery Tank - Kawasacki, Japan — 
Soil profi le and stress conditions are shown on Figure 
23, 24 and 25. (p99. 53,544 55) ) 
1. Determination of Shear Strength 
Naver 2 was critical for stability and all the 


testing was tabulated in the following manner: 
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Strength 


Wey. 


Ratio Based On 


Field Vane 

F.V. corr. for strain rate (-37%) 
Lab Vane 

Lab UU 


Unconfined 


CAUU 
Pl Chart . 


CU Nae: VSe log Ses 


M.C. log S, corrected for strain 
. rate 


Su 
Ste 


0.44 


0.28 


0.30 
0.34 
0.45 


is 43 


0.46 
0.23 
0.34 
0.27 


There was concern over the rate of 


Sensitivity 


[0-20 


Lab M.C. 


6-10% lower 
than in situ. 


laboratory 


loading vs Field loading (500 hrs.) and the decrease 


in strength with slower strain. 


Three UU tests and 


3 CD tests were failed over a period of five hours 


to Find the decrease in strength with a slower strain 


rate, The results are shown as follows: 


37% Strength decrease for Field Vane 
20%. Strength decrease for CU 





Shear 


log time 


“a eer 
e — 
“Polar y ~ 






500 Hours 


vA 


ois ee te POW 





eZ Did 


Ned f “Taysymos 


NOVAS TNoseng Aaanisag 




















“SLEW "OS eno, WI Fansszay (5"95-) 
Os » Gt og os Ob CE . oz oI $4 8 
avy. SINGS NS F) : 
Eps - ob as os - 
%y-) 
- arr 
x 
a) 
F=/F “es IAW 1D 
Sh ELS oe ee 
5°98) 
J : 
oS Or ‘ "Dog. dnz =y 
ofl) _S3 =/7 -O'*Z sADQ OZ'@ SS 
1 an 0O‘l=o OSI 
oh =lo TW Av1> MY 
an ee Hen 
Oc- : Jag pe es 
+ s = “es s 
S46 17 e-OlXZ BAD 0S1 > 2 
www CE = Jd 09'9 =?9 O41= RR 
My She j TAw1dD 
O\-> ie 
Se S WW 5-UkE sy 
| ws 9° 12d 
WNYD> E pers (O8 


“$St'0=% OB N=R 
ANS -QNYS 








GATAA LON ~ 
Ser NOT Oe x we 








| ‘he bulpoo/ 42f- SITY IOS, 
al+ e Ff hye i 


ist cit : 





“Hf 


i 
i 
fa 


vo 14 900'0) 


SYBLIPY/, NI NWSLYASTH 








-lo 


i 
w 
ie) 


O 


FLEVATION 4 ry NE-~ees 


I 
n 
0 


- 5A - 


yg PWASAKTI Feee PeEssURES 


(Geouno Suernts +-4.9 
: x AR 


+3.3 





eo) | fone 20 


Peet FRESSURE /N 


Sand La $0 


yournped #ar 
Gi tevadiag wells 
Raita pale 570 pe 


30 40 50 


TOS fegupee Maree 


Fia. 24 





- 55 - 
KAWASARL EF FFECTIVE STRESSES 


_ GROUND Suerace +4.0 
#3F - 






337 


\ STEADY Pumping . 


“ Based on MEzOueTER 
MeEPRSURENENTS 


~S 4+/o/e\ 
Ne 


-50 ee ; 
eer Sys, x BM os 


=-(60 ‘ : 
He BX ut KMeO meee) Po BOL. QD. 58 Sos Nee 
FERRET IVE STRESS in / ONS sounee NieTER 


Fiq.27 


: ee , ath 
A ae 4 Fd 
/ ue a ae 
cr “i a 
te we? i a yy 
’ UJ J 
4 .* A 






ie OOo Age 


ie fara JN ~<9 ae 
hl ‘A: a 


ow 
i 


ure ie he 
s@ o 
Nr as ‘ 
Vides? , 
-* as ao 
: é ay twee ’ 
ta 
4 Mv i* 
2 " 
¥ "4 
‘ ‘ 4 
; 7 c 4 
} in Pig’ 
. ‘e Bi ; 
reohe ; ; 
ie | 
' ¢ wee ies 
ae At Ry a) 
ites | ., | Aaa en ea 
; * 7 é : al 5 7 ne at Y Ad ie) oe ae 
. aL : , Pe f. a 
* Rid & | ry, 1 = a 
mi. ba } 7 : 7 er >, 
ee eee ‘- eee ee ee ee <The ee semen 
a: * jucaies re = 
: . . j i oc = 
4 a“ ‘ i A 4 » : 
va ras 
‘ i 
‘ iy <n ; 
fi 
. c , * ¢ J 4. 
, J > 
ge if - 
; ‘ : ai 
J 
‘ Fe if 
4 , 4 
: TF 4 ff = 
7 PS ie = 
ok = hoy on ou ‘Vv ius nck grein beauties iy'pt Vueeaniggd 
—_ A a = ro 
= Sd ‘ a 
5 a / bee ‘f 
Fi ‘ 
; 5 ¥ z 
' 
ie / 7 ne 
Pa, a i 
‘ ae 
« ei ' 


‘ i 
: f # ph 
, a> 
J / = i 
¢ Bd J i 
- / - 
' / ‘ : : ' 
s be - 
em j f f r 
7 ° be Ls 
14 ;* 
j ‘ ’ 
‘ “ 
7 > ; 
’ J é y \b : : : 7 
é ee he o - Dwi aheee is whdes as Ss ——s ee. TESS G ee a iamcke enepantigeal 
fy y es . y - A 
5 r+) rs ‘ : 


ment te 


After numerous conferences they decided to use 


a design based on rat 228 


te 





This ts a good demonstration of the fact that 
with all the specialized methods of testing used, the 
Final design strength is based a good deal on judgment. 
Oil Tank Foundation Problem-Laguni Ilas, Venezuela 

This project hag been written up as a paper for ASCE 
and is Part E of the Course Notes. The soil profile con- 
sists of 30 feet of silt over a 15 foot layer of clay. 
The area was preloaded with a 35 foot surcharge. The 
clay was overstressed by a factor of 4. When the last 
' increment was placed there was 3 foot of settlement in 
one day and Lambe says this was due to shearing strains. 
rievaniaed Five different methods GEeCuMBOLina pressure 
distribution and picked the ane that agreed with the 
initial excess pore pressure as the valid one. 
Conclusions | 

Prof. Lambe and company realize that theories for 
explaining soil behaviors may be developed analytically 
and’ confirmed by laboratory testing in some cases. How- 
vera the ultimate test is in the field and that is what 
they are trying to accomplish on these projects. The 
eoneont consensus is that it will take a long time and 
maybe impossible to evaluate all the properties of a 
soil deposit in Apcuranpalasive to strength and settlement 


behavior of the material. 
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Probably one of the most practical evaluations of this 


| problem was written by P. C. Rutledge and F. C. Walker in 


their conclusions of their moderators report on the Bouider 


Shear Strength Conference. It reads as follows: 


"It seems to the writers that the present status of 


practical applications of the shear strength of cohesive 


soils and the probable developments of the next few years 


can be summarized in the following three points 


In natural undisturbed cohesive soils the results of 


laboratory shear tests will probably never be more 


than a guide to engineering judgment because of the 
complexity of natural geologic formations and necessary 
liniacions on numbers of samples and tests. It should 
be noted that every practical problem must be studied 


in terms of all of the enviromenta| variables of which 


the laboratory test shear strengths are only one. 


Within specific geographic areas and geological forma- 


tions, such as the pleistocene clays: of the Gulf Coast 


and the Mississippi River Valley or the varved glacial 


lake deposits of the New York-Long Island Sound area, 


where ‘the results of laboratory tests are backed up by 


the empirical evidence of structure performance in the 


Field, results of laboratory tests can be used with 


confi dence. The great promise in future applied soil 


mechanics is the collection and correlation of field 


‘evidence in terms of specific geologic formations, 
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3. Shear strength parameters determined by analyses of 
full-scale performance in the field, if applied to 

new design problems in the same formation by the same 

methods of analysis, yield reliable results, even if 

there are theoretical defects in the strength parameters 
and the analysis methods used. A major contribution 

of research into the Shwe ree phenomena of soil shear 

lies in improved understanding and reliability of 

analyses of field performance so that the results can 

be applied’ to new and larger projects. 

It should be clear that those who came to the Conference 
expecting a simple answer for practical applications of 
‘shear strength data were asking too much. Those who went 
away from the Conference without having developed a 
better understanding of the complexity of the problem and 


the dangers of simple answers secured too little benefit.” 
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